Directed self-assembly is an important direction for the extension of patterning to the nanoscale regime and below. Here, examples are given of both individual particle placement and composite structure formation involving assemblies of many nanometer scale particles, both on patterned surfaces and on planar surfaces where the photoresist is used as a sacrificial layer to define the pattern and is subsequently removed. The underlying technologies employed in these experiments include interferometric lithography to define large-area, nanometer-scale patterns and directed self-assembly by spin coating to control particle placement. Three sizes of silica nanoparticles (mean diameters: 78, 50, and 15 nm) were employed for spin-coating processes. Single linear silica particle chain patterns and isolated two-dimensional particle patterns were easily formed on patterned surfaces. Silica particle rows, cross networks, and isolated posts with controllable thickness could be formed on flat surfaces using this approach. Directed self-assembly using nanoscale lithography and spin coating is a facile approach to the extension of lithographic techniques to the nanoscale.
I. INTRODUCTION
Organized patterns of nanoscale particles have a wide range of potential applications in photonic crystals, 1, 2 biosensors, 3, 4 magneto-electronics, 5 nanofluidics, 6 and other emerging fields. For example, arrays of small magnetic elements have potential application to high-density data storage devices and magnetic random access memory devices. Isolated particles in periodic arrays can be initiators for the growth of colloidal crystals with long-range order 7 and patterned growth for some special materials using catalyst particles. 8 Top-down, lithographic surface patterning has been achieved by electron beam lithography, 9 photolithography, interferometric lithography, 10 and soft lithography while directed assembly of particles into the lithographically defined patterns has been accomplished by sedimentation, 9 parallel plate fluidic confinement, 1 spin-coating, 2,11 convective deposition (directed evaporation induced self-assembly), 12, 13 and electrostatic (layer-by-layer) deposition.
14 Most of this work has been focused on particle diameters from above 100 nm to ϳ 1 m or larger.
While significant advances continue to be made in conventional, top-down, lithographic capabilities, it is unquestionable that the extension of traditional techniques to the 10 nm scale and below is going to be increasingly difficult. At the same time, bottom-up self-assembly techniques have been very successful at nanometer scales and below, but tend to have increasing difficulty as the scale of the pattern is increased, for example with grain boundaries arising from independent nucleation of colloidal crystals at uncorrelated positions. The combination of these two approaches, directed self-assembly, is an interesting alternative that will allow us to maintain the exquisite hierarchical capabilities of traditional lithography at larger scales while extending to subnanometer regimes with the precision and accuracy that molecular forces provide. Directed self-assembly-an integration of lithography and self-assembly-is destined to play an important role across a wide range of nanotechnology applications.
Interferometric lithography (IL) can be used to produce highly ordered, periodic nanostructure arrays over macroscopic surface areas with easily varied feature dimensions. This process is fast and inexpensive. In this work, we use IL to define nanometer-scale patterns. Meanwhile, spin coating has been employed to rapidly form two-dimensional (2D) colloidal crystals. Outstanding advantages of the spincoating process include its rapidity, the low volume of solute required, and the availability of highly capable instrumentation as a result of its widespread use in the semiconductor industry. The spin-coating approach is employed in this work to deposit silica nanoparticles on patterned surfaces with both hard-mask (e.g., SiO 2 ) and soft-mask (photoresist) defined patterns. For the soft-mask patterns, a "lost wax" process is used to remove the photoresist after the spin coating, leaving the particle patterns on a flat surface. 15 Continuous and isolated nanoparticle patterns are generated and may prove useful as templates for nanoscale patterned growth and nanosphere optics, and as building blocks for more complex nanostructures.
II. EXPERIMENT

A. Interferometric lithography (IL)
In interferometric lithography, two coherent laser beams with wavelength are crossed at an angle 2 to produce a periodic interference pattern on a photoresist (PR) film with a)
Author to whom correspondence should be addressed; electronic mail: brueck@chtm.unm.edu the spatial period d = / ͑2 sin ͒. 16 The angle between the two beams determines the pattern period while the exposure time, power density, and development time impact the linewidth and the pattern morphology. With an ultraviolet light source ( = 355 nm, third-harmonic from a Nd:YAG laser), one can easily obtain periods on the order of hundreds of nanometers.
B. Silica nanoparticle suspensions
Three sizes of silica nanoparticles were employed in the spin-coating process. They are commercial products of Nissan Chemical America Corp. (Houston, TX). The larger silica particles were Snowtex ZL with 78 nm mean diameter. The medium silica nanoparticles were Snowtex OL with 50 nm mean diameter. The smaller silica nanoparticles were Snowtex C with 15 nm mean diameter. The desired silica nanoparticle concentrations were prepared by diluting corresponding Snowtex products with deionized (DI) water.
C. Directed deposition of silica nanoparticles on patterned surfaces
The first step is to fabricate the periodically patterned grooves and holes on a silicon wafer with a thin SiO 2 layer. Initially, the silicon sample was put into piranha solution (sulfuric acid and hydrogen peroxide with volume ratio 4:1) for 8 min, subsequently into buffered oxide etchant (BOE) 20:1 solution for 2 min to clean the sample surface. A thin SiO 2 layer ͑ϳ60 nm͒ was prepared with dry thermal oxidation at 900 to 1000°C. Then an antireflective coating (ARC) layer (XHRiC-16, Brewer Science, Inc., Rolla, MO) was spun on the sample at 4000 rpm for 30 s and ovenbaked at 175°C for 3 min yielding a final thickness of ϳ150 nm. Diluted photoresist (SPR 510A, Shipley, Inc., Marlborough, MA) was spun atop the ARC at 4000 rpm followed by a similar oven bake for 3 min at 95°C for a final thickness of ϳ250 nm.
Subsequently, IL was used to produce the PR patterns. The exposure times were 20-45 s with power 50 or 150 mJ. A 2 min post-exposure bake at 110°C was used. The sample, after exposure and post-bake, was developed (MF-702, Shipley, Inc.) for 45 s and rinsed with DI water. After definition of the PR pattern, an e-beam deposition of gold (Au) was carried out at a pressure of 10 −6 mTorr with a deposition rate of ϳ1 Å / s until a thickness of ϳ300 Å was reached to provide a hard mask. Acetone was then used to dissolve and lift off the remaining regions of PR with Au capping layers. The sample was then put in the vacuum chamber of a reactive ion etching (RIE) system to etch the ARC and silicon oxide layers in the regions where there was no protecting Au hard mask. Oxygen was used to etch ARC for 3 min at a power of 50 W, a pressure of 50 mTorr while a mixture of O 2 and CHF 3 (pressure ratio: 50:130) was used to etch SiO 2 for 3 to ϳ 6 min at a power of 150 W. Finally, after groove patterns were produced in the SiO 2 layer by RIE, piranha was used in an ultrasonic bath to remove the ARC layer along with the top Au capping layer. Hole samples with 60-nm-thick SiO 2 were prepared similarly except for double-IL exposures with crossed 1D patterns and inductively coupled plasma (ICP) etching of the SiO 2 . After the samples were exposed with a first 1D grating, they were rotated 90°and exposed a second time to obtain 2D positive photoresist patterns. After lift off of an Au hard mask as above, an ICP system was next used to etch the SiO 2 in the regions where there was no Au hard mask in etching step. A mixture of Ar and CHF 3 ͑3:1͒ was used to etch 60 nm SiO 2 for 2 min at the rf power of 500 W, bias of 150 W, and the pressure of 10 mTorr. The ICP process selectively etches SiO 2 with vertical sidewalls.
In the deposition step, an aqueous silica nanoparticle suspension ͑1 wt %͒ was spun on the patterned sample. Before spin coating, an oxygen plasma RIE ͑1 to ϳ 2 min͒ was used to ensure that the SiO 2 surface was hydrophilic. One drop of suspension solution was applied on the clean surface of the sample. The spin coating was 30 s at 3000 rpm with an acceleration of 100 rpm/ s. After spin coating, the sample was baked at 90°C for 5 min to drive off any residual solvent. The resulting structures were characterized by fieldemission scanning-electron microscopy (FE-SEM) at 30 kV with a 10 nm thick Au film sputtered on the sample surface. Cross-section views of images were also obtained to check the structure of the ordered patterns.
D. Directed deposition of silica nanoparticles on planar surfaces using soft PR masks
In the process of the directed deposition of silica nanoparticles on planar surfaces, a wet developable BARC for I-line lithography (wet-i™ 10-7, Brewer Science, Inc., Rolla, MO) was spun on a precleaned sample at 3000 rpm for 30 s. The baking time for wet-i was 90 s at 200°C. A positive-tone photoresist (SPR510A, Shipley, Inc.) diluted to produce a ϳ200-nm-thick film was used in these experiments. IL was used to produce the periodic patterns on this PR/wet-i film stack. Parallel PR/wet-i lines (1D) were formed on the Si wafer surface after exposing, baking, and developing. For 2D arrays of nanoscale posts, a double exposure with a 90°ro-tation of the sample was performed, and all other steps were the same as those for 1D patterns. For 2D arrays of nanoscale holes, a negative-tone photoresist (NR7-500P, Futurrex, Inc., Franklin, NJ) was used in IL.
After the PR patterning, silica nanoparticle colloidal dispersions ͑5 wt %͒ were spun coated onto these samples. In general, the spin coating protocol was 30 s at 4000 rpm with an acceleration of 100 rpm/ s 2 . Suspensions of small silica nanoparticles (OL: 50 nm, C : 15 nm) were utilized for directed assembly of 1D and 2D periodic particle structures supported on flat surfaces. The suspension was agitated for 5 min in an ultrasonic bath before the coating step.
The final step was to strip off the PR/wet-i patterns leaving the 1D or 2D ordered patterns of silica nanoparticles on the flat surface of the Si wafer. Two methods-immersion in piranha solution and calcination at high temperature-were successful in completely removing the PR/wet-i while not disturbing the silica particle arrays. In general, we soaked the as-patterned samples in 1:1 piranha solution for 15 min for the immersion method, while the as-patterned samples were put into furnace at 800°C for 1.5-2 h for the calcination method. In the calcination approach, the mechanical stability of particle patterns on flat surfaces was enhanced as a result of partial sintering between the silica particles and the Si surface at these elevated temperatures.
III. RESULTS AND DISCUSSION
A. Directed deposition of silica nanoparticles on patterned surfaces
Several methods for deposition of silica particles on patterned surfaces were investigated before the spin-coating approach was adopted. These included convective deposition and dip coating. In convective deposition, the sample was mounted vertically in a beaker containing diluted aqueous solution of silica particles. The beaker was kept in a temperature-controlled oven. The temperature was always maintained at 55-60°C and the fluid was gradually evaporated. In reverse dip coating (bottom-flow deposition), the sample was again mounted vertically in a beaker containing the silica solution. A drain port and valve at the bottom of the beaker allowed for controlled removal of the liquid leaving behind the deposited particles on the sample, essentially the inverse process of lifting the sample out of the liquid. Even though in some cases the results for dip coating and convective deposition are similar to those for spin coating, a large amount of silica particle suspension is consumed in each experiment and the deposition time is considerably longer than for spin coating. Moreover, for these processes the distribution of silica particles on patterned samples was relatively nonuniform across the sample, and alternating bands of dense and sparse particle deposition were observed. This phenomenon of multiple band patterns for evaporative depositions has been previously observed. 17 To fabricate a uniform particle distribution, it is required to reduce the evaporation rate and/or to tilt the sample at an angle greater than 10°. Based on these issues and its comparative success and ease of use, spin coating was adopted as the principle approach to the deposition of silica particles on patterned samples. Several factors effect the spin-coating deposition of silica nanoparticles on patterned samples, including the spin speed, the solution pH value, and the surface pattern geometry. 10 We investigated the influence of these factors in preliminary experiments. Silica particles were deposited selectively into the grooves or holes during spin coating using silica suspensions with pHտ 7. This pH ensured that the particles remained negatively charged and separated in the solution. For more acidic solutions, the particles tended to agglomerate in solution and deposit in large clumps independent of the surface patterning. The spinning program was key to ensuring the deposition was exclusively in the grooves or holes rather than on the top surface of wafer. Our results show that a relatively high speed of spin coating was helpful for deposition of particle on patterned surfaces. The speed of 4000 rpm was used for the experiments reported here. The concentra- tion of silica particles also has an effect on the formation of the particle pattern found on the patterned surfaces. If an excessively high concentration is used, a thick deposition of silica particles that fully covers the wafer surface is formed without any impact of the lithographic patterning. At the other extreme of very low concentrations, only a sparsely populated distribution of particles forms within the patterned features. Based on our initial screening experiments, a 1 wt % suspension was found to be most suitable for directed deposition of ZL silica particles on patterned surfaces for these experiments. Due to accelerated evaporation during spin coating, factors such as humidity and ambient room temperature have little effect on the particle patterns.
The directed deposition of silica nanoparticles on narrowgroove samples was studied. These 1D patterned samples have Շ100-nm-wide grooves with a 500 nm period. A diluted suspension of 78± 16-nm diameter silica nanoparticles ͑1 wt % , pHϳ 8.8͒ was prepared by diluting Snowtex ZL (40.9% wt %, ϳpH9.6) with DI water. The typical deposition patterns are shown in Fig. 1 . In Fig. 1(a) , the grooves are relatively wide ͑ϳ100 nm͒ and deep, so the silica particles are almost completely contained within the grooves. Very few silica particles settle on the flat surface of the samples away from the grooves, while some voids exist along the particle chains. Due to the large distribution of silica particle sizes, zigzag chains of silica particles were observed in some parts of the grooves. In Figs. 1(b) and 1(c) , the grooves are narrower ͑ϳ60-80 nm͒ and half-buried particle chains are formed along the parallel grooves. In addition, void defects appear more often and exhibit longer gaps on these samples.
In Fig. 1(d) , the width of grooves is less than 50 nm. The bulk of the silica particles protrude above the surface of the sample. A much higher density of void defects exist on this sub-50 nm grooved sample.
The more important forces in this deposition process are the centripetal force associated with the spinning, the particle-wall blocking forces, and surface tension forces. As the width of grooves decreases, the blocking force from the sidewall of the groove becomes weaker compared to the centripetal forces. The silica particles are easier to dislodge from the narrow grooves. In order to obtain good coverage of particles into grooves, it is important to match the particle size to groove spacing.
The deposition of the 78-nm diameter silica particles on 2D patterned samples was investigated as well. The diameter of holes in the 2D pattern is ϳ100 nm at a period of 500 nm. In most holes, single particles (monomer) or particle pairs (dimers) are found [ Figs. 1(e) and 1(f) ]. For the monomer case, the individual particle is held inside a hole. Occasionally, some holes are empty without any particles while some particles appear on the surfaces. For the dimer case, the two particles overfill the holes. In rarer cases, trimers are found as shown in Fig. 1(f) . Some clusters of particles also appear on some parts of surfaces. We attribute the multiple modes of particle clusters to the wide distribution of silica particle sizes and also to the variation of hole size. The types of particle clusters follow the predictions from the calculation of colloidal cluster coordination as function of ratio ͑D / d͒ between the hole dimensions ͑D͒ and the diameter of silica particles ͑d͒. 
B. Directed deposition of silica nanoparticles on planar surfaces
Two types of small silica nanoparticles were used for directed deposition using soft PR masks on planar surfaces. They have the mean diameters of 50± 13 nm (OL) and 15± 5 nm (C), respectively. Approximately 5 wt % aqueous suspensions of OL and C were used. The pH values of suspensions have less influence on the final, multilayer, closepacked particle patterns on planar surfaces using small silica nanoparticles. Figure 2 shows 1D 50-nm-diameter particle patterns on planar surfaces after removal of the PR lines. In Figs. 2(a) and 2(b), the period is 1000 nm and a single cycle of spin coating was used. Parallel silica particle rows are observed over a large area [ Fig. 2(a) ]. The particle deposit shows a nonuniformity across the line with thicker deposits at both edges [ Fig. 2(b) ]. These are due to the high spin speed and relatively small ratio between particle diameter and width of the lines. 19 This "edge-high" effect was also observed for 1D patterns with a 500 nm period. Figures 2(c) and 2(d) show the 1D patterns with a 500 nm period after two cycles of spin coating. With the added deposition, both the thickness is increased and the bending of the deposition at the edges of the lines is reduced. The decreased blocking force from the relatively low PR walls in the second cycle of spin coating resulted in the reduced bending of the deposited particle film at the line edges.
Typical images of 2D patterns of silica nanoparticles deposited on flat surfaces are shown in Figs. 3 and 4 . The period for each of these 2D samples was 500 nm. Figure 3(a) shows the PR/wet-i posts after double exposures and before deposition of silica particles. After the deposition of silica nanoparticles and removal of PR/wet-i posts, a continuous cross network of 50-nm-diameter silica particles with periodic voids is formed over a large area [ Fig. 3(c) ]. Two layers of silica particles were deposited to form this network [ Fig.  3(b) ]. Figure 4(a) shows the PR/wet-i holes after exposure and development and before the silica particle deposition. A negative PR with a thickness of 500 nm was used. Slight standing wave ridges were formed along hole walls even though an ARC layer was used. Before spin-coating deposition of silica particles, the PR/wet-i layer has a periodic array of ϳ200-nm-diameter empty holes. After a spin-coating deposition of the smaller ϳ15-nm-diameter silica nanoparticles C and removal of the photoresist, 2D isolated posts are formed ͑ϳ15 nm͒ as shown in Fig. 4(b) . (The resolution of the FE-SEM is not sufficient to distinguish the individual particles at this small size.) The posts, formed with a single deposition step, have concave top surface profiles, similar to the 1D deposition shown in Fig. 2(b) , due to the high spin speed and relatively small ratio between particle and post diameters. In contrast, uniform isolated post patterns were not successfully obtained using the larger, 50 nm particles. We attribute this to the difficulty of filling these deep PR holes with comparatively "large" particles and the possibility of disturbing the isolated particle clusters during the immersion/calcination treatments.
From the above experiments, we can see that the particle size, pattern feature, and spin program are important factors influencing the final morphology of particle patterns on planar surfaces. On the one hand, it is easier to fill empty spaces FIG. 4 . FE-SEM images (tilted 45°view) of 2D particle arrays with ϳ15-nm-diameter silica particles on planar surfaces with ϳ500 nm periods: (a) PR/wet-i holes and (b) isolated particle posts. FIG. 3 . FE-SEM images (tilted 45°view) of 2D, 50-nm-diameter particle arrays on planar surfaces with ϳ500 nm periods: (a) PR/wet-i posts for continuous cross network of particles before deposition of silica particles with spin-coating; (b) magnified image of continuous cross network with ϳ50 nm silica particle; and (c) large area image of continuous cross network with ϳ50 nm silica particle.
in PR patterns with smaller particles. On the other hand, the smaller the ratio of particle diameter to feature pattern size, the more pronounced the "edge-high" effect. Other deposition methods such as layer-by-layer can avoid the "edgehigh" effect but with the consumption of a large volume of suspension and need for a long deposition time. Continuous particle networks are easier to form and exhibit fewer defects compared to isolated particle patterns. By applying more cycles of spin coating, the "edge-high" effect can be minimized and complex structures can be obtained.
IV. CONCLUSIONS
1D and 2D patterns of silica nanoparticles were fabricated both on patterned surfaces and on planar surfaces using interferometric lithography and spin-coating. Single linear silica particle chain patterns and isolated 2D particle patterns were easily formed on the patterned surfaces with feature sizes around 100 nm. Silica particle rows, cross networks, and isolated posts with controllable thickness could be formed on flat surface with the smaller silica particles ͑Շ50 nm͒ using this approach. These initial experiments illustrate some of the possibilities of extending patterning by combining top-down and bottom-up processes. Future work will include extensions to smaller particles and smaller lithographic features, as well as the extension to functionalized nanoparticles such as metals and biological species.
